Phthalocyanine (Pc) molecules exhibit high extinction coefficients in near-infrared region, rendering them well-suited for phototherapies, but most of their applications are limited to the field of photodynamic therapy (PDT). Herein, for the first time, we illustrate that Pc molecules can be endowed with excellent photothermal properties by means of structural regulation rather than formation of aggregates. Three representative Pc derivatives show efficient activities of photothermal therapy (PTT) against human hepatocellular carcinoma cells. Among them, copper phthalocyanine (PcC1) exhibits a high in vivo PTT efficacy against mice bearing S180 tumors. The unique investigation in this article should light up a perspective of Pc's new applications for PTT, which enable to make up the inherent defects of PDT.
Introduction
Phthalocyanine (Pc), a type of molecular dye, has been widely used as a photosensitizer for photodynamic therapy (PDT) because of their long absorption wavelengths (l max > 660 nm), high extinction coefficients (3 max > 10 5 L mol À1 cm À1 ), and tunable photophysical and photochemical properties via facile chemical modications.
1 To date, one Pc (Aluminium Pc, Photosens®, Russia) has been approved for clinical use and two Pcs (Silicon Pc, Pc4®, USA and Zinc Pc, Photocyanine®, China) have currently reached clinical testing.
2 For cancer treatment, PDT has been displaying several advantages over chemotherapy owing to its spatiotemporal selectivity and no initiating resistance.
3 However, PDT also shows its inherent drawbacks along with the further clinical studies. One of these drawbacks is that patients have to stay in dark for a long period of time during and aer treatment, otherwise the unwished photosensitive reaction induced by sunlight or indoor bright light would be harmful to their eyes, skin, and other healthy tissues.
4 This really causes inconvenience to patients. Moreover, hypoxic nature of tumor microenvironment limits the effectiveness of PDT due to its oxygen-dependent active mechanism.
5
Recently, photothermal therapy (PTT) has been developed as a new technique for cancer treatment, by which sufficient optical energy (usually from a relatively high-energy laser source) absorbed by photothermal agents can be converted into thermal energy and generate local hyperthermia, leading to irreversible tumor cell injury.
6 Since the energy of common sunlight or indoor bright light is too low to induce the photothermal agents to generate harmful heating effect, patients do not need to stay in dark during or aer PTT treatment. Moreover, its oxygen-independent nature makes PTT more useful for treating hypoxic tumors.
7 However, only few studies to date have investigated the application of Pcs for PTT.
8 In addition, all these investigations were based on the formation of Pc aggregates to induce photothermal effects. As shown in Fig. S1 , † vibrational relaxation mechanism is the active process involved in PTT.
9 Therefore, inhibiting or reducing the other two relaxation pathways of an excited Pc through uorescence emission and intersystem crossing should elevate its photothermal effect. Although the Pc aggregations provide a potential strategy to increase Pc's photothermal effect as a consequence of the reduction of uorescence emission and intersystem crossing, this strategy unfortunately suffers from the following problems: (1) the formation of aggregates not only requires lots of Pc molecules, but also induces the broadening and decrease in absorption spectrum, leading to a low efficiency of photothermal conversion; (2) the potential transformation between aggregates and monomers makes this PTT application unstable and less repeatable.
Herein, we present that Pc monomers can also be endowed with an excellent photothermal effect through appropriate structural regulations. Our strategies can be termed as a substituent photoinduced electron transfer (PET)-induced route and a paramagnetic metal-induced pathway. Based on these two strategies, we obtained three representative Pc compounds that display excellent photothermal effects, which are much higher than those of the widely used indocyanine green (ICG) and methylene blue (MB). In vitro and in vivo studies indicate that these unique Pc compounds are highly promising for PTT application, which will certainly rejuvenate their wide application in cancer phototherapy.
Results and discussion
PET-induced route by tuning peripheral substituents
Numerous studies have shown that PET effect induced by a special substituent (e.g., amino group) on the Pc structure can efficiently quench Pc's uorescence emission and reactive oxygen species (ROS) generation.
10 Thus, we rst compared the photothermal effect of two Pc compounds peripherally substituted with amino groups (PcA1 and PcA2). Their chemical structures are displayed in Fig. 1a . Despite their similar structures, PcA1 and PcA2 show very different uorescence emission and singlet oxygen ( 1 O 2 ) generation (Table S1 †, Fig. 1b and c), which are possibly quenched by the PET effect in PcA1 induced by its aniline groups. In PcA2, the spacers (methylene) between amino and phenoxyl groups reduce the electronic coupling of amino groups and Pc macrocycle, leading to a much weaker PET effect. In water with 0.1% Cremophor EL (CEL is a common surfactant that is oen utilized for improving the water solubility and disaggregation of photosensitizers), 1c,6c,11 upon irradiation at 685 or 730 nm laser, PcA1 permits a strong photothermal conversion, while PcA2 almost has negligible photothermal effect at all the three irradiated wavelengths (Fig. 1d , e and S2 †). We also nd that the photothermal effect of PcA1 is dependent on the laser wavelength. Laser with a wavelength around the maximal absorption wavelength of nonaggregated PcA1 absorption spectrum (Fig. 1b) , such as 685 nm, can induce a higher temperature elevation.
To evaluate phototherapeutic effect mediated by PcA1 and PcA2 in vitro, human hepatocarcinoma (HepG2) cells were incubated with 10 mM of these Pc compounds and exposed to a laser irradiation (730 nm, 1.0 W cm À2 ) for 10 min. Given the same absorbance of PcA1 and PcA2 around 730 nm in water with 0.1% CEL (Fig. S3 †) , we thus compared their phototherapeutic effects using 730 nm-laser. Cell viability measurements show about 90% HepG2 cell death for both PcA1 and PcA2 when compared with the controls (Fig. 2a) . In contrast, negligible cytotoxicity was observed for both PcA1 and PcA2 under dark conditions or laser irradiation alone. To explain their therapeutic mechanisms, we assessed the alterations in intracellular temperature and ROS during treatment. Following laser irradiation, the temperature inside PcA1-treated cells increased by 15 C, reaching a value of 45 C ( Fig. 2b ), which is slightly higher than the required temperature of hyperthermia (42 C). 12 However, a temperature increase in PcA2-treated cells Temperature variation profiles of (d) PcA1 and (e) PcA2 (both at 10 mM) in water with 0.1% CEL after being exposed to different laser irradiations (630 nm, 685 nm, and 730 nm, power densities are controlled at 1.0 W cm À2 ). is as low as that in the non-treated cells ($5 C). Furthermore, we evaluated their phototherapeutic effect again using an icebath to control the cells' temperature lower than 30 C during laser irradiation. This method was also used by other groups to further explain the cell killing effect of PTT agent caused by temperature increase. 13 As shown in Fig. 2c , the cell inhibition effect induced by PcA1 reduces to 64.6 AE 6.0%, while the PcA2 group shows a very similar result with the abovementioned group with no ice-bath treatment. These results conrm that PcA1 possesses some PTT effect, but not PcA2. In addition to the photothermal effect, it is further investigated that the PDT mechanism is also activated during the PcA1 treatment. As indicated in Fig. 2d , the intracellular ROS level increases following irradiation of PcA1-treated cells in spite of the higher ROS level induced by PcA2.
Different from the only PDT effect of PcA2, PcA1 shows combined PTT ($30%) and PDT ($70%) effects. To identify the cause of PTT effect, we further used different ratios of CEL to control Pcs' aggregation in water and test their photothermal conversions. Fig. S4 † indicates that PcA1 in low aggregated formation still has a strong heating effect, which is similar to that of PcA1 in high aggregated formation, indicating that the aggregation of PcA1 does not help in increasing the heating effect. Moreover, PcA2 (Fig. S5 †) and PcA3 (another Pc compound without PET effect, Fig. S6 †) show negligible heating effect either in aggregated form or in monomer form. Therefore, the PET effect-induced low uorescence emission and ROS generation should be the main contributors for PcA1's PTT effect.
The above results demonstrate that the Pc candidates exhibit good PTT effect, which can be achieved by regulating their peripheral substituents. Since there are countless chemical groups that can be substituted onto the peripheral positions of Pc structure, more promising Pcs with higher heating effect are expected to be broadly developed for PTT.
PET-induced route by altering axial ligands
Secondly, following the direction of PET effect, we found that the PTT and PDT efficacy of Pc compounds also can be controlled by tuning their axial substituents. Because of the PET effect, silicon Pc axially substituted with piperazine groups (PcB1, Fig. 3a ) has low uorescence quantum yield (F F ) and 1 O 2 quantum yield (F D ) (Table S1 and Fig. S7 †) , indicating that PcB1 may possess PTT effect.
From Fig. S8a , † the temperature of PcB1 aqueous solution (containing 0.1% CEL) increased rapidly with irradiation time and reached a temperature variation (DT) of 28 C. As a control, PcB2, that has no PET effect because of the quaternization of piperazine groups (Fig. 3a) , shows weak photothermal conversion (Fig. S8b †) . In addition, Fig. S9a † shows that the higher ratio of CEL makes PcB1 to be aggregated in water to a lower extent, accompanied with an increase in absorption. Interestingly, the higher CEL ratio also makes its photothermal conversion more efficient (Fig. S9b †) . To evaluate the in vitro phototoxic effects of PcB1, we still used HepG2 cells. As shown in Fig. 3b , the cell viability decreases to 32.0 AE 2.7% at 5 mM of PcB1 under laser irradiation. However, aer using an ice-bath, this cell viability becomes 76.7 AE 8.1%. Furthermore, the ROS generation induced by PcB1 under laser irradiation in HepG2 cells was also evaluated. As shown in Fig. 3c , the uorescent signal of ROS probe in PcB1-treated cells exhibits a little signal compared with that of control group. Moreover, the cellular temperature of PcB1-treated cells without an ice-bath was much higher than that of the control group (Fig. 3d) . Thus, we can summarize that PcB1 displays a combination of PTT and PDT. In addition, the PTT effect ($70%) of PcB1 is higher than its PDT effect ($30%). MPc with low intersystem crossing effect and short triplet lifetimes, resulting in weak or even totally quenched PDT activities. Similar to the above-mentioned active PTT process, the latter complexes (CuPc, CoPc, and NiPc) are expected to display strong heating effect under the excitation of an appropriate laser system. Herein, we chose three representative Pc compounds, PcC1, PcC2, and PcC3 (Fig. 4a) , as a group of study objects to verify this expectation. The 1 O 2 generation tests indicated that the photosensitizing ability of PcC1 was much lower than that of PcC2 (Table S1 † ). In addition, the spectral studies showed that PcC2 possesses strong uorescence emission, while under the same condition, there is almost no uorescent signal of PcC1 solution (Fig. S10 †) . These results indicate that PcC1 is probably suitable for PTT, while PcC2 can be used for PDT. As shown in Fig. S11 , † under a laser irradiation (e.g. 685 nm, 1.0 W cm À2 , 10 min), 10 mM of PcC1 in water with 0.1% CEL can induce a signicant temperature increase with a DT of about 40 C. In the same experimental settings, PcC2 does not trigger a different temperature variation from that of the control group. We also investigated the effect of PcC1 aggregation on its photothermal conversion using CEL as the pharmaceutical formulation. Compared with the visible aggregation of PcC1 in water with 0% or 0.1% CEL, PcC1 in water with 10% CEL was basically in the form of a monomer (Fig. S12a †) . In addition, the nonaggregated PcC1 displayed a higher heating effect (Fig. S12b †) as compared to its aggregated form. Moreover, despite the fact that the structure of PcC3 also contains a paramagnetic metal, PcC3 shows a much lower heating effect as compared to that of PcC1 (Fig. 4b) , which is probably a consequence of the much weaker absorption of PcC3 caused by its substantial aggregation in water with 10% CEL (Fig. 4c ). These results demonstrate that both the paramagnetic Cu and the monomer formation contribute to PcC1's photothermal conversion.
Paramagnetic metal-induced pathway by changing central metal ions
To investigate the possibility of PcC1 for cancer cell inhibition, we carried out the cell cytotoxicity experiments with and without laser treatment. As shown in Fig. 4d , no signicant cytotoxicity is observed for both PcC1 and PcC2 under dark conditions. However, in the presence of laser treatment, the inhibition of PcC1 (5 mM) against HepG2 cell is 92.1 AE 0.5%. In the same experimental settings, PcC2 only kills 52.5 AE 1.9% cells. Since its cellular temperature is much higher than 42 C (Fig. 4e) during treatment, we speculate that temperature increase, but not ROS generation (Fig. 4f) , should be the main reason for the cell killing effect of PcC1, which is very different from the PDT effect of PcC2. In particular, to further prove this speculation, we also used an ice-bath to control the cells' temperature lower than 30 C during laser irradiation. As shown in Fig. S13 , † the cell inhibition of PcC1 almost disappeared aer avoiding their temperature increase, while PcC2 still shows an efficient photocytotoxicity. These results clearly indicate that PcC1 is a good PTT agent for cancer cell inhibition because of its relaxation process through uorescence emission and intersystem crossing (no ROS generation) is inhibited efficiently. Furthermore, it is not hard to broadly expand the purview of Pcs utility in PTT due to their diversied metal chelation.
The above studies indicate that the PTT effects of Pc compounds with a high F F (>0.13) and F D (>0.49) are not signicant. To conrm its universality, we further studied the photothermal conversion of two zinc Pcs substituted with sulfonic acid groups PcD1 (F F ¼ 0.15, F D ¼ 0.72) and PcD2 (F F ¼ 0.14, F D ¼ 0.82). Their chemical structures and photophysical and photochemical properties are shown in Fig. 5 and Table  S1 . † The photothermal studies indicate that both of PcD1 and PcD2 have negligible heating effect (Fig. S14 †) . These results indicate that the preliminary prediction of Pcs' PTT effect is Fig. 4 (a) Chemical structures of PcC1, PcC2, and PcC3. Only the major C 4h isomers were shown for tetra-substituted Pcs, which likely present the other isomers. (b) Temperature variation profile of PcC1 and PcC3 (both at 10 mM) in water with 10% CEL after being exposed to 685 nm laser irradiation (1.0 W cm available based on their photophysical and photochemical properties.
Comparison with the common molecular dye-based PTT agents
ICG and MB are two clinically approved molecular dyes that have been widely used as biophotonic contrast agents for phototheranostic applications.
6c,16 To further highlight the unique photothermal properties of the above-mentioned Pcs, we thus compared their heating effects with those of ICG and MB under the same conditions. We can observe from Fig. 6 that only PcA1, PcB1, and PcC1 showed signicant temperature elevation aer 685 nm-laser irradiation. In addition, the values of their temperature variations are all about three times higher than those of both ICG and MB. Interestingly, despite their different absorption spectra (Fig. S15 †) , the optimal laser wavelengths of these molecular dyes (except ICG) for induction of best PTT effect are all at around 685 nm. This was found aer comparing their PTT effects using laser systems at different wavelengths (630, 685, and 730 nm) , but with the same power density (Fig. S16 †) . Even under 808 nm-laser irradiation (Fig. S17 †) , the PTT effect of ICG is still signicantly lower than those of PcA1, PcB1, and PcC1. In addition, the decline in temperature variations of ICG and MB aer 3 min-irradiation indicates their easy photobleaching. In contrast, PcA1 (Fig. 1d) , PcB1 (Fig. S8a †) , and PcC1 (Fig. S11a †) show much stronger photostability. Therefore, we believe that these specic Pcs, particularly the available but undeveloped Pcs with more rational structure modications, should enable molecular dye-based biophotonic contrast agents to play a better role in phototheranostics.
In vivo PTT efficiency
Encouraged by the unique PTT effect of PcA1, PcB1, and PcC1 in vitro, we tried to investigate their potential use as an in vivo PTT agent. Since only PcC1 showed total PTT effect and no PDT effect, we thus carried out preliminary mouse experiments using PcC1 to evaluate the in vivo PTT efficacy of Pcs on S180 tumors. For mice treated with PcC1 by intratumoral injection, the mean temperature at tumor sites increased to about 53 C under 685 nm-laser irradiation for 10 min at a low power density of 0.2 W cm À2 ( Fig. 7a and b) . In comparison, the mean temperature of tumors treated with only laser irradiation increased to about 36 C, indicating that PcC1 is efficient for in vivo photothermal conversion. In addition, the tumor growth of mice treated with both PcC1 and laser irradiation are signicantly inhibited, while the mice treated with only PcC1 show similar tumor growth with control group (Fig. 7c) . Moreover, the body weights of mice were not affected by these treatments (Fig. S18 †) , suggesting that the PTT treatment by PcC1 is biocompatible. Despite these encouraging results, we believe that higher in vivo PTT efficacy could be obtained using more rationally designed Pc molecular dyes, particularly with the structures bearing tumor-targeting groups. Fig. 5 Chemical structures of PcD1 and PcD2. Only the major C 4h isomers were shown for tetra-substituted Pcs, which likely present the other isomers. Fig. 6 Temperature variation of different molecular dyes (all at 10 mM) in water with 0.1% CEL after being exposed to laser irradiation (685 nm, 1.0 W cm À2 ) for 10 min. Ctrl is only water with 0.1% CEL. 
Conclusions
In conclusion, for the rst time, we systematically demonstrated that Pc molecular dyes are also suitable for PTT except routine PDT. In vitro and in vivo evaluations demonstrate that the desired photothermal conversion induced by Pc compounds can be achieved through diversied structural modications, including change in peripheral substituents, altering axial ligands, and changing central metal ions. By only considering their chemistry, Pcs exhibit this exibility, providing the possibility for further screening and investigations, which rises hope for cancer phototherapy. The results should attract great interest of researchers related to PTT. Moreover, this study can thus stimulate and provide the ground for further development of Pc molecular dye-based multifunctional phototheranostic agents.
In vivo studies
Female mice ($20 g) were purchased from Vital River Co., Ltd, China. All animal studies were performed in compliance with guidelines of the Animal Care Committee of Fuzhou University. Meanwhile, all animal experiments were approved by the local Ethics Committee of Fuzhou University.
Conflicts of interest
There are no conicts to declare.
